In Drosophila, the dorsal-ventral polarity of the egg chamber depends on the localization of the oocyte nu- 
Introduction
The formation of both the anterior-posterior (AP) and dorsal-ventral (DV) axis of Drosophila embryos depends on the localization of specific RNAs to distinct regions of the developing oocyte. These RNAs function as anterior (bicoid [bcd] ), posterior (oskar [osk] and nanos [nos] ), or dorsal (gurken [grk] ) determinants (for review see Lehmann, 1995) . For the AP axis, the localized RNAs are maintained after egg deposition and provide sources for morphogenetic protein gradients that determine pattern along the embryonic axis. For the DV system, the localization of the grk RNA to one corner of the oocyte defines the future dorsal side of the embryo, grkcompletes its function during oogenesis. Grk protein belongs to the transforming growth factor a (TGF~) family of secreted growth factors and initiates, during m idstages of oogenesis, a cell-cell communication process between the oocyte and the surrounding layer of somatic follicle cells (Neuman-Silberberg and SchLipbach, 1993) . The follicular epithelium expresses the Drosophila epidermal growth factor (EGF) receptor homolog torpedo/DER (top/DER), which is assumed to be locally activated by the grk protein (Price et al., 1989; Schejter and Shilo, 1989; R. Schweitzer, N. Zak, and B.-Z. Shilo, personal communication) . This activation leads to the es-*Present address: Max-Planck-lnstitut fLir Entwicklungsbiologie, Spemannstrasse 35/11, 72076 T(Jbingen, Federal Republic of Germany.
tablishment of dorsal follicle cell fates and, consequently, to the DV differentiation pattern of the egg shell, the product of the follicular epithelium. Through this patterning process, the inner layer of the egg shell gains spatial cues at its ventral side that are used for the production of an extraembryonic signal. This signal, in turn, is required to induce the formation of the embryonic DV axis (Stein et al., 1991 ; Morisato and Anderson, 1994) . Thus, the embryonic DV axis results from a bidirectional flow of spatial information, first from the germline to the soma (dorsal signal) and then back from the somatically derived egg coverings to the germline-derived embryo (ventral signal) .
Despite the importance of RNA localization for the determination of the body axes, little is known about how the three distinct regions of the oocyte are determined so that they specifically accumulate either bcd, osk, or grk RNA.
It seems, however, that all three types of RNA localization require an intact microtubule cytoskeleton (Koch and Spitzer, 1983; Pokrywka and Stephenson, 1991; Theurkauf et al., 1993; Clark et al., 1994) . At midstages of oogenesis, when bcd and osk RNAs become localized to opposite regions of the oocyte, a polarized, cortical microtubule network exists that emanates from an anterior cortical ring and extends its plus ends to the posterior pole (Theurkauf et al., 1992) . A fusion protein of ~-galactosidase and the plus end-directed microtubule motor kinesin accumulates at the posterior pole of the oocyte, similar to osk RNA (Clark et al., 1994) . Therefore, the association with a plus end-directed microtubule motor could account for the posterior localization of osk RNA, while association with a minus end-directed motor might explain bcd localization to an anterior cortical ring. The position of grk RNA accumulation appears to be defined by the position of the oocyte nucleus. In midoogenesis, the nucleus moves to an asymmetric anterior cortical position and thereby presumably defines the future dorsal-anterior corner of the oocyte (Neuman-Silberberg and SchLipbach, 1993; Spradling, 1993) . Factors required for the asymmetric movement of the oocyte nucleus have remained largely elusive, although colchicine treatment causes an abnormal positioning of the oocyte nucleus (Koch and Spitzer, 1983) . This suggests that an intact microtubule cytoskeleton is a prerequisite for the nuclear movement and thus for grk RNA localization. Taken together, these findings suggest that the question of RNA localization in the oocyte can be traced back to the problem of how the microtubule cytoskeleton of the oocyte attains its specific structure and polarity.
During midoogenesis, a reorganization of the microtubules occurs before the oocyte nucleus moves and before bcd and osk RNAs become localized to opposite poles of the oocyte. Microtubule nucleation centers that had been present at the posterior pole of the oocyte disappear, and the anterior cortical ring of microtubule nucleation is established (Theurkauf et al., 1992) . A reversal of the overall polarity of the microtubule network results. This reorgani-zation seems to depend on signals that are derived from the follicle cells. Mutant alleles of Notch (N) and Delta (DO, the functions of which are required in the follicle cells, cause a mislocalization of bcd RNA to both the anterior and the posterior poles of the oocyte, while osk RNA and the kinesin fusion protein localize to the center (Ruohola et al., 1991; Ruohola-Baker et al., 1994; Clark et al., 1994) . In addition, a study of mutations at the spindle-C locus shows that the polarization of the follicular epithelium itself might depend on an earlier signal that emanates from the germline. It was suggested that normally the oocyte positioned at the posterior pole of the egg chamber signals to the follicle cells to establish posterior follicle cell fates (Gonzd.lez-Reyes and St Johnston, 1994) .
Here we describe a gene, comichon (cni; Ashburner et al., 1990) , that is involved both in AP and DV patterning. A phenotypic comparison of cni mutations with those caused by grk and top demonstrates that cni is required for EGF signaling in oogenesis. Further, we show that this signaling pathway is not only required for DV patterning, but is also required for the correct AP polarization of the oocyte in midoogenesis. Our results suggest that grk and cni supply an early signal that emanates from the oocyte and that determines those posterior follicle cells that subsequently participate in the AP polarization of the oocyte. The repolarization of the oocyte appears to be a prerequisite for the movement of the oocyte nucleus and thus for the establishment of the DV axis.
Results

cni Ovaries Have a Mirror-Image Duplication of Anterior Follicle Cells at the Posterior Pole
The cni gene belongs to a small group of female sterile loci, mutations of which affect both the egg shell and the embryo (Sch0pbach, 1987; Ashburner et al., 1990 ; Figure  1 ). The predominant egg shell defect of weak and intermediate cni mutations is the reduction of dorsal appendage material (Figure 1 D) that indicates a loss of dorsal follicle cell fates and an accompanying expansion of ventral cell fates. A similar ventralization of the egg shell has been previously described for top and grk mutants (Sch(Jpbach, 1987) . The strongest cni allele, which by genetic and molecular criteria (see below) is an amorphic allele, results in eggs that lack all dorsal appendage material and appear to be completely symmetric along the DV axis (Figure 1 E) . Interestingly, these eggs also lack all AP polarity. Instead of a posterior aeropyle, they form a second micropyle at the posterior pole ( Figures 1 F and 1G ) and thus are similar to the eggs derived from the bipolar egg chambers of spindle-C mutants (Gonzbles-Reyes and St Johnston, 1994) .
In contrast with spindle-C, egg chambers derived from cni mutant females have no second nurse cell cluster at the posterior pole ( Figures 2B and 2F ). However, even in the absence of posterior nurse cells, the follicle cells at the posterior pole of cni mutant egg chambers behave like anterior cells. In wild type, distinct populations of follicle cells, such as the border cells and the centripetal follicle cells, can be identified by their morphogenetic behavior and by the expression of specific enhancer trap lines and produce the different structures of the egg shell (Figures  2A and 2D ; for review see Spradling, 1993) . In cni mutant egg chambers, border cells and centripetal follicle cells can be distinguished at the posterior pole and form a small posterior compartment (Figures2B and 2F) . Thus, the double micropyle phenotype of cni eggs results from a duplication of anterior follicle cell fates at the posterior pole.
The same phenotype was observed with strong grk alleles (Figures 1B and 2C) and in ovaries from top mutant females, although, given the lethality of strong top alleles, n --150) derived from a cni mutation of medium strength galactosidase transgene (Clark et al., 1994) . ( (cni ~12) show abnormalities in abdominal segmentation and lack pole cells ( Figures 3C and 3D ). This hypomorphic cni mutation causes the formation of a posterior micropyle in only 5% (n --205) of the deposited eggs. The rare embryos developing in strongly ventralized eggs derived from a hypomorphic grk allele combination that leads to the formation of a posterior micropyle in 21% (n --99) of the eggs frequently miss the expression stripes 3-6 of the pair-rule gene fushi-tarazu (Caroll and Scott, 1985) and thus have suffered a deletion of abdominal segments A1-A7; in addition, these embryos do not form pole cells ( Figure 3E ).
bcd and osk RNAs Are Mislocalized in cni Ovaries
Since the segmentation defects found in embryos from cni and grk eggs could be due to a failure to localize the posterior determinants (Lehmann and NL~sslein-Volhard, 1986 ), we examined osk RNA distribution in cni ovaries.
In wild type, osk RNA becomes localized to the posterior pole of the oocyte between stages 8 and 9 of oogenesis and remains there until egg deposition (Ephrussi et al., 1991; Kim-Ha et al., 1991 ; Figure 4B ). In ovaries from females mutant for the strongest cni allele, osk RNA fails to localize to the posterior pole and instead accumulates in the center of the oocyte ( Figure 4D ). This phenotype is completely penetrant, although the mislocalized osk RNA sometimes appears as a dense particle or may show a more diffuse distribution in the central yolk. A virtually identical phenotype was seen for grk ovaries derived from the strongest available grk allele combination ( Figure 4F ). The hypomorphic top allele combination showed osk mislocalization in 54% (n --154) of the egg chambers. The mislo- calized osk RNA was frequently found in a posterior location (270/0 of the egg chambers; Figure 4H ). In addition, the establishment of anterior follicle cell fates at the posterior pole of cni egg chambers also affects the localization ofbcd RNA. In wild-type stage 8 egg chambers, bcd RNA becomes localized to the anterior margin of the oocyte, where it accumulates in a cortical ring (Berleth et al., 1988; St Johnston et al., 1989 ; Figure 4A ). In cni egg chambers, bcd RNA was not only present anteriorly, but also accumulated at the posterior pole ( Figure  4C ). Hence, the duplication of the anterior follicle cell fates is reflected by a duplication inside the oocyte, with bcd RNA localized to both ends of the oocyte. Again, this phenotype was observed with complete penetrance in strongly mutant grkovaries and in 23% (n = 163) of the phenotypically weaker top ovaries ( Figures 4E and 4G ). The phenotype of the hypomorphic grk allele combination described above (see Figure 3E ) reveals that bcd localization is less sensitive to a reduction in grk activity than osk localization. In ovaries from this grkallele combination, bcd RNA distribution was abnormal in 13% of the egg chambers, while 90% of the egg chambers showed osk mislocalization. bcd and osk RNA mislocalization was also observed in egg chambers from the germline mosaics of cni and grk that we had examined for the double micropyle phenotype.
Thus, cni and grk are required in the oocyte for both the establishment of posterior follicle cell fates and for normal localization of the anterior and posterior determinants, top mutations cause similar defects, although top is required only in the soma (Clifford and Sch0pbach, 1992) . Thus, a bidirectional communication process between germline and soma is required for the establishment of AP polarity in both the follicle cells and the oocyte.
cni Disrupts the Localization of a Kinesin Fusion Protein
A polarized microtubule cytoskeleton is thought to be the basis for the correct localization of bcd and osk RNAs. To test the polarity of the microtubule network in the mutant egg chambers, we used a kinesin-lacZ fusion gene as a reporter for microtubule polarity (Clark et al., 1994) . In wild-type ovaries, this kinesin fusion protein localizes to the extreme posterior during stage 9 of oogenesis (see Figure 2G ). Since kinesin acts as a plus end-directed microtubule motor, it appears that in stage 9 oocytes, microtubules preferentially nucleate with their minus ends anteriorly and extend their plus ends to the posterior pole. In cni and grk egg chambers, at stages 9 and 10, the kinesin fusion protein localizes, like osk RNA, to the center of oocyte (see Figures 2H and 21) . With lower penetrance a mislocalization is also seen in top mutant ovaries (data not shown). This phenotype has previously been correlated with a change in the microtubule network (Lane and Kalderon, 1994) and suggests that microtubule minus ends are localized to both anterior and posterior regions of the mutant oocytes, while plus ends preferentially extend to the center, Thus, bcd RNA localization to both poles and osk RNA accumulation in the center appear to be reflections of the abnormal organization of the microtubule cytoskeleton.
The Oocyte Nucleus and grk RNA Are Mislocalized in cni Ovaries
In wild-type ovaries, grk RNA is first expressed in the germarium and accumulates in the oocyte of early egg chambers (stages 1-7; Figure 5A ). At late stage 8, when the oocyte nucleus has moved from its central position to the future dorsal-anterior corner of the oocyte, grk RNA accumulates in a perinuclear position, lining the cortex of the oocyte around the dorsal and anterior side of the oocyte nucleus ( Figure 5C ; Neuman-Silberberg and SchOpbach, 1993) . Since the mutant phenotype of cni is indistinguishable from that of grk, we analyzed whether cni might be required for normal expression or localization of grk RNA. In cni egg chambers, grk RNA was present even in ovaries derived from females carrying the strongest cni allele, grk RNA was expressed in early egg chambers and correctly localized to the oocyte (data not shown). In later egg chambers, grk RNA was, like in wild type, always associated with the oocyte nucleus, and it accumulated in a perinuclear position (Figures 5E and 5G) . These data demonstrate that cni is not absolutely required for grk transcription, for grk RNA stability, or for its perinuclear localization.
In the cni mutant egg chambers, the oocyte nucleus was frequently misplaced. In 70% of all stage 9 egg chambers and older, the oocyte nucleus was located to the posterior pole (Table 2 ). In these egg chambers, grk RNA accumulated at the posterior tip of the oocyte ( Figure 5G ). In 7% of the egg chambers, the oocyte nucleus assumed an intermediate cortical position between the anterior and posterior poles, with grk RNA again concentrated between the nucleus and the plasma membrane of the oocyte (Figure 5E ). Therefore, not only are the posterior and anterior determinants mislocalized in cni ovaries, but also the oocyte nucleus and, with it, grk RNA. Similarly, reexamination of grk and top ovaries revealed that grk and top mutations also share the oocyte nucleus mislocalization phenotype with cni (Table 2; for grk see Figure 4F ). Thus, the signaling pathway constituted by cni, grk, and top is not only required to establish DV polarity in the follicular epithelium after the nucleus has moved, but the pathway is also a prerequisite to establish the original DV polarization of the oocyte that involves the asymmetric movement of the oocyte nucleus.
Grk Protein Expression in cni Mutant Ovaries
Since grk RNA expression and its perinuclear localization are normal in cni ovaries, we analyzed whether cni might act at the level of grk RNA translation or grk protein local-
ization. An antibody was raised against a g rk fusion protein that contains part of the extracellular domain of grk. This antibody recognizes the grk pr~otein in developing egg chambers (F. S. N.-S. and T. S., unpublished data). In wild type, grk protein is already expressed in region 2B of the germarium and localizes tightly to the oocyte of stage 1-7 egg chambers ( Figure 5B ). Grk protein accumulates in the cytoplasm and the plasma membrane overlying the dorsal-anterior corner of the oocyte of late stage 8 egg chambers and older ( Figure 5D ).
In cni ovaries grk protein is translated and accumulates in the oocyte of early egg chambers (data not shown).
gurken mRNA gurken protein Figure 5 . Later, it localizes in the cytoplasm and to the membrane adjacent to the nucleus, even if the oocyte nucleus is misplaced to the posterior pole of the oocyte ( Figures 5F and  5H) . However, the relative difference between grk protein accumulation in the cytoplasm versus the oocyte membrane seems less pronounced in cni oocytes as compared to wild type. In cni egg chambers there is always a high level of cytoplasmic protein, as judged from antibody staining, whereas in wild type, at least in late stage 9 egg chambers and older, most of the grk protein appears localized to the membrane (compare Figure 5D with Figures 5F and 5H). It is at present not clear whether the higher accumulation of grk protein in the cytoplasm of the cni mutants reflects a direct requirement for cni in grk protein localization or whether the altered polarity of the microtubule network in cni egg chambers would cause less efficient membrane targeting of the transport vesicles. In any case, cni does not seem to be required for the translation of the grk RNA, and cni mutations show only a mild (and possibly indirect) effect on the localization of the grk protein to the plasma membrane of the oocyte.
cni Encodes a Novel Protein cni maps to the chromosomal region 35F1.2; 36A1.2 (Ashburner et al., 1990). Novel deficiencies in this region were generated by imprecise excision of a P element inserted in the cactus (cact) gene (Geisler et al., 1992 on an 8 kb chromosomal fragment distal to the cact locus ( Figure 6A ; Dawson et al., 1995) . We used probes from this region to screen Northern blots of adult and embryonic mRNA (data not shown) and to screen an ovarian cDNA library. Four transcripts were identified that all showed adult and embryonic expression. Using P element-mediated transformation, we showed that a 2.4 kb genomic fragment containing transcript IV completely rescued the mutant phenotype exhibited by the strongest cni allele ( Figure 6B ). Thus, transcript IV corresponds to the cni locus. Probes for this transcript recognize a single band of approximately 0.9 kb on Northern blots from female and embryonic RNA (data not shown). The enhancer trap line P[w* lacZ] A522, which shows expression in the nurse cells end in the oocyte nucleus (Grossniklaus et al., 1989) , was crossed into cni, grk, and top mutant backgrounds. Egg chambers were counted after staining for ~-galactosidase activity (n = 174 for cni, 265 for grk, and 175 for top). We sequenced both a cDNA from an ovarian library and the 2.4 kb genomic fragment used in the rescue experiment. The cDNA contained a single open reading frame that encodes a putative cni protein of 144 amino acids with a predicted molecular mass of 17 kDa ( Figure 6B) . Half of the amino acids of cni protein (75 of 144) are hydrophobic. They are clustered in three regions ( Figure 6C ). However, there are no putative transmembrane domains and, using the algorithm of von Heijne (1986), we did not find a signal sequence. No functionally significant homologs of cni have so far been identified in the EMBL, GenBank, and SwissProt databases (using FASTA and TFASTA search programs), although two randomly sequenced human cDNA clones were found to be 46% and 62% identical to cni over 91 and 47 amino acids, respectively.
To gain further information about the cni protein, we sequenced the three existing ethyl methanesulfonateinduced cni alleles and a cni homolog from Drosophila virilis ( Figure 6D ). Only one single base pair change was found in genomic sequences of each of the three cni alleles. The strongest allele, cni AR55, causes the same phenotypes either homozygously or in trans to a deficiency and is therefore, by genetic criteria, an amorphic allele. It has a stop codon after amino acid 44 and thus codes only for the N-terminal third of cni protein. The allele of intermediate strength, cni ~12, shows a stop codon after amino acid 87, while the weakest allele, cni cFS, alters the normal stop codon so that a putative protein with 22 additional amino acids may result, cni is highly conserved in D. virilis. The D. virilis cni protein contains only six conservative amino acid exchanges compared with the Drosophila melano-gaster protein. Given the divergence of about 69 million years between the two species (Ashburner, 1989a) , this conservation suggests that it is not just the bulk hydrophobic structure of cni that is important for its function, but rather its specific amino acid sequence.
cni RNA is already expressed in the germarium ( Figures   7A and 7B) . No specific localization pattern can be recognized. In early stages, it is present in the nurse cell oocyte cluster, as expected from the germline dependence of cni function, cni is highly expressed in stage 1-6 egg chambers. Expression ceases during stage 7, and cni RNA cannot be detected in stages 8 and 9 ( Figure 7B ). During early stage 10, cni RNA is reexpressed in the nurse cells (Figure 7A) .
Discussion cni Represents a Novel Element in the top/DER
Signaling Process
The cni phenotypes are identical to those produced by grk and top. This is particularly striking in strongly ventralized embryos, which possess two separate domains of mesoderm, a phenotype that is unique to these three genes ( Figure 3B ; Roth and SchLipbach, 1994) . Since, in addition, cni is also epistatic to fs(1)KlO, an upstream element in the signaling process (data not shown), it appears that cni constitutes a novel factor involved in signaling through grk and top. produced and at least partially correctly localized to the oocyte membrane. The relatively high accumulation of grk protein in the cytoplasm of cni mutant egg chambers might indicate a function for cni in the localization of the grk protein to the membrane. However, this phenotype might also reflect a secondary consequence of the defective microtubule system present in the mutant egg chambers. It is presently not known whether the grk protein needs to be processed to bind to the top receptor. For other TGFa-like molecules, it has been shown that the short cytoplasmic domain of these proteins plays a role in the regulation of their extracellular cleavage and maturation (Bosenberg et al., 1992) . cni, which encodes a hydrophobic protein that might be membrane associated, could be involved in the regulation of the cytoplasmic or transmembrane domain of the grk protein.
top, which encodes the Drosophila EGF receptor (Price et al., 1989; Schejter and Shilo, 1989 ) is required in a number of tissues in the developing embryo, larva, and adult fly Sch0pbach, 1989, 1992) . Similar to grk, the major requirement for cniis in oogenesis, although a reduction in survival rate is observed in the strongest allelic combinations of grk and cni. In contrast with grk, the severe cni allele also causes a roughening of the eyes and very mild wing vein and bristle defects (S. R. and T. S., unpublished data), structures that are also affected by certain allelic combinations of top (Clifford and Sch0pbach, 1989) . It is therefore possible that cni also participates in signaling through top in other tissues of the fly, but is not absolutely required for signaling in these tissues.
The cni-grk-top Signaling Process Is Required for the Specification of Posterior Terminal Follicle Cells
The analysis of the cni mutations revealed that the cnigrk-top signal is required twice in oogenesis for signaling from oocyte to follicle cells. Early in oogenesis, the signal functions to establish a difference between the anterior and posterior terminal follicle cells. In the germarium of the ovary, shortly after the oocyte nurse cell complex is enveloped by a layer of follicle cells, two groups of follicle cells that contact the anterior and posterior pole of the germline complex begin to express a set of genes that differs from those expressed by the rest of the follicle cells (Brower et al., 1981; Grossniklaus et al., 1989; Ruohola et al., 1991;  for review see Spradling, 1993) . Initially, these two terminal groups of follicle cells express the same set of marker genes. However, at around stage 7 of oogenesis, the anterior follicle cells begin to express a set of marker genes that are not expressed in the posterior follicle cells (Grossniklaus et al., 1989; Montell et al., 1992;  T. S., unpublished data). In egg chambers mutant for grk, cni, or top, anterior markers are expressed in the posterior follicle cells (Figures 2B, 2C, 2E, and 2F ). This duplication of cell fates leads in extreme cases to the formation of a second micropyle at the posterior end ( Figures 1B, 1C , and 1 E-1G). This indicates that the posterior terminal follicle cells require a signal from the oocyte that represses anterior terminal fates in these cells and directs them to a posterior fate.
The existence of such a signal from the germline to the follicle cells was postulated by Gonzdles-Reyes and St Johnston (1994) during examination of mutations at the spindle-C locus. In these mutant egg chambers, nurse cells are found at both ends of the oocyte, owing to a germline defect. The follicle cells, in response, form micropyles at both ends. grk, cni, and top mutations lead to a duplication of anterior follicle cell fates in egg chambers that have the normal arrangement of oocyte and nurse cells, indicating that the anterior follicle cell fate does not have to be actively induced by contact with the nurse cells, but rather constitutes a "default" fate when the cni-grktop signal is not received by the follicle cells. Since grk protein accumulates throughout the early oocyte, the signal from the oocyte to the terminal follicle cells may not require any precise localization of the grk RNA or protein.
Given that the terminal follicle cells appear at early stages as a specialized group within the follicle cell epithelium, it seems likely that only this restricted group of follicle cells is competent to respond to the early cni-grk-top signal.
Once these cells have adopted a posterior terminal follicle cell fate, they will, in turn, signal back to the oocyte and regulate microtubule polarity in the oocyte (Ruohola et al., 1991 ; Ruohola-Baker et al., 1994; Clark et al., 1994; Lane and Kalderon, 1994; Gonzdles-Reyes and St Johnston, 1994) . This signaling back requ ires the activity of the N and DI genes in the posterior terminal follicle cells (Ruohola et al., 1991) and the activity of protein kinase A in the oocyte (Lane and Kalderon, 1994) .
The cni-grk-top Signaling Process Ultimately
Regulates the Establishment of Both the AP Pattern and a Primary DV Asymmetry in the Oocyte The failure to establish posterior follicle cell fates has dramatic consequences for oocyte polarity and embryonic patterning. In the absence of the posterior follicle cell population, bcd RNA and osk RNA accumulate in incorrect positions within the oocyte (Figure 4) . Since a kinesin fusion protein was mislocalized to the center of the oocyte in the mutant egg chambers ( Figures 2H and 21) , we believe that the bcd and osk RNA mislocalization is caused by a failure to reorganize the microtubule cytoskeleton at stages 7 and 8 of oogenesis. This reorganization also requires the activity of the Drosophila protein kinase A in the oocyte (Lane and Kalderon, 1994) . Protein kinase A mutations cause the same RNA mislocalization phenotype and block the proper reorganization of the microtubule network, similar to mutations in cni, grk, and top.
In addition to its role in RNA localization, the repolarization of the microtubule network that occurs in stages 7 and 8 of oogenesis appears also to be responsible for the movement of the oocyte nucleus and thus for the establishment of the primary DV asymmetry of the Drosophila egg chamber. Early in oogenesis, the oocyte nucleus is found in a symmetric position within the small oocyte. It moves to an asymmetric, anterior cortical position in midoogenesis during the time that the reorganization of the microtubules occurs. In the grk, cni, and top mutant egg chamber, this nuclear movement often fails, and the nucleus remains at the posterior pole (Figures 4D and 4F ; Figures 5G and   5H ). It is very. likely that the abnormal positioning of the oocyte nucleus reflects the abnormally polarized microtubule network with its high concentration of plus ends in the middle and minus ends at both the anterior and the posterior ends of the egg chamber.
In yeast, nuclear movements during mating and karyogamy are disrupted by mutations in dynein and KAR3, which appear to encode minus end-directed microtubule motors (Eshel et al., 1993; Li et al., 1993; Endow et al., 1994) . If the oocyte nucleus of Drosophila similarly associates with minus end-directed motor molecules, it would be expected to dislocate from a posterior position toward the anterior end of the egg chamber in midoogenesis as the repolarization of the network occurs. In normal egg chambers, the minus ends become concentrated in an anterior ring around the periphery of the egg chamber. In associating with appropriate minus end-directed motors, the oocyte nucleus would be moved to the anterior periphery of the egg chamber and thus to an asymmetric location. This simple mechanism would ensure establishment of a primary DV asymmetry in the egg chamber by a largely stochastic process; the exact location on the anterior ring that the nucleus would ultimately occupy would be randomly determined by the dynamic changes in the microtubule network. In the mutant egg chambers, a rearrangement of microtubules still occurs, with plus ends accumulating in the oocyte center. Therefore, in the mutant egg chambers, the oocyte nucleus moving toward minus ends would most likely be arrested at the posterior end, but in some instances it might be carried to the periphery and then to the anterior end of the egg chamber during the reorganization of the network. Using this model of stochastic movement of the oocyte nucleus, we would further postulate that once the oocyte nucleus has reached an anterior peripheral location, interactions between the nuclear membrane and the plasma membrane of the oocyte serve to anchor the nucleus and might also serve as a scaffold to localize the grk RNA. After the crucial stages of midoogenesis, grk RNA is always localized to the region between the oocyte nucleus and the plasma membrane, even when the oocyte nucleus is not in its correct position (Figures 5E and 5G) . Once the grk RNA is localized and the grk protein accumulates in the membrane, signaling to the overlying follicle cells occurs in the presence of the cni gene product and induces dorsal follicle cell fates and, thus, a DV pattern of egg and embryo. It may be significant that cni RNA expression shows a biphasic distribution, with lack of cniexpression in midoogenesis (Figure 7 ). This absence of cni gene product might indicate a necessary separation between the two signaling events.
In summary, DV pattern formation in Drosophila involves a reorganization of the microtubule network that is correlated with the movement of the oocyte nucleus. This reorganization depends on the initial correct establishment of the AP axis via a signal from the oocyte produced by the genes grk and cni and received by the top receptor in the follicle cells. After the movement of the oocyte nucleus has occurred, the three genes act in a later signaling event that induces dorsal follicle cell fates and regulates the DV pattern of egg and embryo.
Experimental Procedures
Fly Stocks
Isolation of cnP R55 and cni AAI2 is described in Ashburner et al. (1990) . cnF F5 was isolated in a screen for lethal and female sterile mutations uncovered by Df(2L)H60-3 (Dawson et al., 1995; T. S., unpublished data) , grk 2s~, grk co, grkHG, grk MK, and grk ~ are described by SchSpbach (1967) and Neuman-Silberberg and Sch(Jpbach (1993) . top ~ and Df(2R)top '~ are described by Sch(Jpbach (1987) and Price et al. (1989) .
Generation of cni Deficiencies by Imprecise Excision
of cacF ~'y)* The P element inserted into the cact gene, cact 2~) (Geisler et al., 1992) , was mobilized using a stable source of transposase on the third chromosome (SbA2-3; Robertson et al., 1988) . Of 389 lines that had lost the rosy (ry) gene, two lines were shown to be novel cni deficiencies: Df(2L)II30 (Alphey et al., 1992) and Df(2L)III18 ( Figure 6A ). Complementation tests revealed that Df(2L)III18 uncovers only cact, fzy, and cni.
Germline Mosaics
The germline mosaics were generated using the FLP recombinasedominant female sterile technique (Chou and Perrimon, 1992) adapted for the second chromosome (Chou et al., 1993) .
Molecular Techniques
General cloning procedures were carried out as described by Maniatis et al. (1989) . Southern and Northern blot analyses were performed using Hybond-N ÷ nylon membranes (Amersham) according to the protocol of the manufacturer, cDNAs were obtained by screening an ovarian cDNA library (a gift from P. Tolias, Public Health Research Institute of New York) by standard methods using an 8 kb EcoRI fragment immediately distal to the cact transcription unit as probe. Multiple cDNAs were isolated for each of the four transcripts that had been detected on Northern blots using the same 8 kb fragment as probe. cDNAs and genomic DNA fragments were sequenced by the dideoxy chain termination method using Sequenase (United States Biochemical).
To obtain the cnigene from D. virilis, we screened a genomic library of D. virilis using a random-primed probe derived from a complete cni cDNA of D. melanogaster. Filters were hybridized in 6x SSPE, 5x Denhardt's solution, 0.5% SDS, and 100 ~g/ml single-stranded DNA at 55°C overnight and were then washed in 6 x SSPE, 0.50/o SDS at 48°C four times for 30 rain.
Allele Sequencing
The complete coding region of the three cni alleles was amplified from genomic DNA by PCR using a 5' primer corresponding to nucleotides -48 to -31 of the genomic region (start of the cDNA = 0) and a 3' primer corresponding to nucleotides 781-799 of the cDNA. The PCR products were sequenced using the fmol DNA Sequencing System (Promega). The sequence of the mutant alleles was compared with the sequence derived from the parental chromosome (bprcn wxbw).
Germline Transformation
Germline transformation was carried out according to the method of Spradling and Rubin (1982) . A 2.4 kb BgllI-Xhol fragment containing the entire cni transcription unit was cloned into the BamHI-Xholdigested transformation vector pCaSpeR4 (Thummel and Pirrotta, 1992) . This construct was coinjected with the helper plasmid plChspD2-3 (M ullins at al., 1989) into w "8 embryos, and w ÷ G 1 progeny were recovered. All inserts tested were able to rescue the mutant phenotype of eggs derived from cniAR55/Df(2L)H60-3 females.
Preparation of Anti-Grk Antibodies
Polyclonal antibodies were prepared against a fusion protein that included 64 amino acid residues (110-174) of the extracellular domain of the grk protein (Neuman-Silberberg and Sch0pbach, 1993) fused in-frame to the glutathione S-transferase protein in the pGEX1 vector (Amrad). The fusion protein expressed in bacteria was partially purified and injected into rats (Poccono Rabbit Farm) (F. S. N.-S. and T. S., unpublished data).
In Situ Hybridization and Antibody Staining
To deal with extremely low fertilization rates caused by mutations affecting the egg shape, we covered staged egg collections with paraffin oil and selected cellular blastoderm embryos by hand for fixation. Antibody stainings with anti-twi, anti-zerkn011t (anti-zen), anti-even skipped (anti-eve), and anti-fushi tarazu (anti-ftz) antibodies and sectioning of embedded embryos were done as described by Roth et al. (1989) . For staining with anti-grk antibodies, the following modifications were performed. Ovaries were fixed in 4% paraformaldehyde-heptane including 0.5% NP-40 for 20 min. After washing in 0.1% BSA, the ovaries were pretreated with 0.3% H202 for 30 min and then rehydrated in methanoI-PBS. The primary antibodywas used at afinal concentration of 1:3000.
Transcripts were detected by in situ hybridization with digoxigeninlabeled DNA (cm~ or RNA (bcd, osk, and grk) probes homologous to cDNA fragments of the corresponding genes, prepared with a kit from Boehringer Mannheim. The hybridization procedure was a modification of the protocol of Tautz and Pfeifle (1989) using 55°C as the hybridization temperature in the case of RNA probes.
Ovaries and Chorions
For microscopic inspection of chorions, eggs were processed as previously described (Wieschaus and N0sslein-Volhard, 1986 ). I~-Galactosidase staining was performed according to the protocol in Ashburner (1989b 
GenBank Aocession Number
The accession number for the oni cDNA sequence reported in this paper is U28069.
